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Abstract 
Growth kinetics during fluorine enhanced thermal 
oxidation are studied as a function of NF3 vol% for 
(100) oriented silicon and the results are compared to 
those obtained for chlorine enhanced thermal oxidation 
of silicon. The gas phase equilibria during fluorine 
enhanced oxidation are calculated to explain the kinetics 
results and etching behavior of fluorine. It is concluded 
that the considerable increase of the oxidation rate in 
the presence of fluorine is caused due to the enhanced 
reaction at the Si-Sio2 interface resulting from a 
catalytic reaction of fluorine. The possible situation of 
catalytic reaction at the Si-sio2 interface is proposed 
and through this process, oxide growth behaviors is 
explained based on the results of gas phase simulation. 
The behavior of oxidation stacking faults during 
fluorine enhanced oxidation has been investigated in the 
temperature range of sso 0-1100°c. We observed a large 
shrinkage rate of pre-grown oxidation stacking faults in 
silicon and their shrinkage rate I increases with the 
increase of NF 3, the interstitial silicons generated 
during oxidation are much more reduced due to the 
competing reaction of silicon with highly reactive 
fluorine. The formation of a Si-F compound gives rise to 
rapid shrinkage of existing stacking faults and prevent 
1 
the nucleation of stacking faults. Based on these 
observations, a new proposal for stacking fault shrinkage 
is introduced. 
.-'·~ 
~·-· ~~ . ' . ~  
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1. INTRODUCTION 
One of the most important process in the fabrication 
of integrated circuits has been the thermal oxidation of 
silicon because of its convenient processing techniques 
and the good dielectric and physical properties. 
Recently, the channel length of devices are being 
reduced one micron. Subsequently, the thickness of gate 
• oxides reduced below 200A for a design rule of lpm[l.1]. 
~ 
As a example, 1-Mbit RAM will require a gate oxide of 
• I ~\ I I about 200A or less 1f~the conventional structure is used. 
Ideally, one can use silicon dioxide as long as the 
semiconductor is under thermal equilibrium of applied 
• gate potential down to about 50A because of tunneling 
[1.2]. However, to grow very thin silicon dioxide films 
by conventional processing techniques are impractical due 
to short growth time required. Furthermore, very thin 
silcon dioxide films have the following weak points; a 
high defect density causing a high probability for low 
field breakdown, tendency to react with electrodes, a 
dielectric constant which changes with annealing, high 
field charge, and interface trap densities inducing a 
large shift in the threshold voltage[l.3]. 
As a replacement to silicon dioxide, other dielectric 
films such as silicon nitride and silicon oxynitride are 
3 
being explored [1.4,1.5]. More recently, chemically 
enhanced thermal oxidation by use of fluorine containing 
species, i.e., c2H 3cl 2F and NF 3 has been studied to 
verify the influence of fluorine on. dielectric properties 
and growth behavior[l.6,1.7,1.8]. 
With respect to materials, th·e: requirements on th;i:n 
gate dielectrics for VLSI are very stringent. First, thin 
gate dielectric should be a homogeneous material. 
Generally pinholes are associated with thin dielectric 
films. The pin hole's density and size should be known. 
:bi.e.lectric constant and breakdown voltage are also 
.important parameters for thin dielectrics, and ideally 
they must be as high as possible. Next, in the aspects of 
the device control and reproducibility, the following 
chemical properties should be known about the dielectrics 
: the growth kinetics of dielectric layer, the etch rate 
of both for wet and plasma etching, diffusion and 
segregation coefficient of the impuritties in the thin 
-dielectric , the range and straggle for various I ion 
implanted species, stacking faults and other defects due 
to thermal stress. And last, for achievement of high 
quality and reliable dielectric, following electronic 
properties should be known; the band gap and the 
electron affinity of the dielectric, the dielectric 
strength, the densities of fixed oxide charge, mobile 
4 
, 
.. 
i'onic charge, interface trapped charge and, oxide 
·,trapped charge, radiation hardness and charge 
.accumulation on thin dielectrics, resulting from ion or 
plasma etching [ 1. 2] . 
The objectives of this work is two-fold. One is to 
understand the fluorine enhanced thermal oxidation 
mechanism. The other is to gain insight into the role ~f 
fluorine on the point defect generation during oxidation. 
To achieve the first goal, the oxidation rate constant of 
fluorine enhanced thermal oxidation and gas phase 
equilibrium are investigated. The results are compared 
with the previous works in the literature.[1.7,1.8]. To 
study the gener~tion behavior of point defect during 
fluorine enhanced oxidation, OSF behavior is studied 
because fluorine species addition to the oxidizing 
ambient significantly affects the OSF behavior through 
the change in the generation mechanism for point defects. 
Comprehensive models will be proposed to explain the OSF 
behavior during fluorine enhanced oxidation based on the 
experimental results. 
-· '. ·1.i.~: 
:·~, 
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2. FLUORINE ENHANCED THERMAL OXIDATION 
The stoichiometric chemical reaction producing the 
oxide film in pure oxidation ambient is Si(solid) + o2 + 
sio2 by oxygen diffusing through the oxide layer and 
reacting with the silicon at the Si-sio2 interface.[2.1] 
Even though reaction itself looks simple, the mechanism 
of oxidation of Si contains complicated reaction and 
diffusion processes, and shows totally different behavior 
compare with that of metal oxide. 
In section A, a general survey of oxidation is 
presented. Thermodynamic and atomic aspects of oxidation 
is discussed. The proposed models of kinetics are 
reviewed. In section B, fluorine enhanced oxidation 
kinetics studies are reviewed. The experimental details 
of present work are described • in section c. The 
experimental results and discussion are presented in 
section D. and E. 
2.1 General Overview of oxidation of Silicon 
2.1.1. Thermodynamical Aspects of oxidation 
Tiller reviewed thermal.oxidation of silicon • in 
thermodynamical aspects by analogy of crystal growth. 
[2.2] When thermodynamically considering the formation of 
sio2 , the most available ipformation we can get is the 
' 
' ,,, 
7 
bulk free energydriving force, G. 
AG =AGp(C,T,P,<,') -AGr(C,T,P,;) (1) 
for the state variables of chemical constitution, 
temperature, pressure, and electrochemical potential 
where the subscripts p and r refer to product and 
reactant respectively. However, to understand the growth 
process in a fundamental way, we need to consider the 
value of Gi operating at the interface between the two 
phases and their variables. 
AGi =AGpi<Ci,Ti,Pi,;i> -AGri<ci,Ti,Pi,~i> 
(2) 
For the reaction, Si+ o2 ~ sio2 formally, we can express 
the bulk free energy change in terms of the state 
variable changes, the driving force due to diffusion 
process and interface reaction. 
AG =AG9 v +AGE 
AG =A Gsv +A Gi +~ Gk 
(.:3.) 
(4) 
AGsv can arise only from the thermodynamic variables 
difference. The driving force, A GE available at the 
interface for the transformation, is consumed by two 
parallel processes. One involves the excess free energy, 
6.Gi, generated as a result of the transformation process 
and stored in both phases as discrete defects and/or 
strain fields, which may be strongly determined by the 
non equilibrium vacancy and interstitial concentration 
levels needed to provide this flux of Si atoms away from 
n 
the interface. The ~Gi contribution is sufficient enough 
to completely dominate the oxidation process. The other 
involves the departure from equilibrium, .AGK, needed for 
atomic reaction to form the sio2 by incorporation in the 
crystal phase, which will change dependent on interface 
temperature and interface supersaturation on the presence 
of certain impurities. We will illustrate the nature of 
the three state variables, Ci, Pi, and ~i neglecting the 
dependence of temperature (assuming that Ti/T = 1). 
First, physical consideration; the local pressure and 
stress distribution are created in the interface region 
as a result of the oxidation process is illustrated 
by[2.2] 
P i/P = f c A?.. , E, d , 0 y, v, .f i, -rt,* , •.• ) (5) 
Tiller proposed that the equation represents the 
molecular size mismatch, A 'A-, existing at the Si/Sio2 
interface produces a strain which connects a stress d 
through the modulus E. When stress in sio2 exceeds the 
yield stress,dy, for the Si and Sio2 flow begins 
I 
in 
these two phases which in turn creates point and line 
defects of density .Yi. Since the amount of flow depends 
on the viscosity,~, of the materials and the time 
available, the process depends on the oxidation rate,V. 
Recently, Fargeix et al. proposed the existence of· 
compression stress based on the theoretical data analysis 
9 
• .. 
of initial dry oxidation regime as a function of 
thickness [2.3]. This compressed oxide start to relax 
upward, in unstressed direction during oxidation. Fig.2.1 
shows that as oxidation proceeds at the Si-sio2 interface 
, the relaxation occurs from the constrained x,y plane 
into the free z direction [2.4]. Eernisse also has 
demonstrated that the stress dependence as a function of 
temperature, and showed particularly strong evidence of 
the existence of an intrinsic compressive stress at low 
temperatures. However no stress is observed at 975 and 
1000°c with possibility of a small tens~le stress, so 
viscous flow occurs between 950° and 975°c during sio2 
growth[2.5]. We can graphically predict the stress state 
of thermal oxide as a function of thickness and 
temperature based on relaxation behavior in Fig.2.2. 
Next, chemical consideration ; the realistic 
situation to be considered is the thermal oxidation of Si 
in the presence of impurities or dopants. The appropriate 
representation of the driving force, Ac, due to chemical 
impurity concentration is as follows[2.2] 
Ac =AcgM +AcsM +AckM +Acsm +AcE (6) 
when A Cg M and A cs M represent main oxidant concentration 
in gas phase and solid phase , A ck M represents main 
oxidant concentration applicable interface reaction,Acsm 
represents impurity concentration in the soild phase,AcE 
._, 
-
10 
·, z 
Si 
Si02 FLOW 
COMPRESSIVE 
STRESS 
Fig.2.1 Schematic view of viscous flow in sio2 as a 
result of thermal oxidation.(Ref.[2.4]) 
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Fig.2.2. Schematic oxide stress state as a function of 
temperature and thickness. 
12 
represents appropriate driving force via supersaturation 
of oxidant. This situation is represented pictorially in 
Fig.2.3. The componentAcsm may itself be quite small; 
however if the existing of impurities such as chlorine 
and water, they may catalize a sufficiently large 
fraction of active interface sites for oxygen attachment 
Ack M must be either greatly increased or decreased for 
the same V. ~CE will vary largely for a state of 
completely coherent interface and of a completely 
incoherent interface. Finally, a supersaturation ~cgM is 
needed to maintain the bulk sio 2 at an oxygen 
concentration of l:::J. cs m. 
And last, electro-chemical mechanism consideration; 
electrostatic potential variation the oxidation process 
illustrated in Fig.2.4, electrons are thought to transfer 
·from the Si to the sio2 in order to equalize the electro-
chemical potential of the electrons throughout both 
phases.[2.2] However, in addition to intrinsic space 
charge field between Si and sio2 , we must consider 
external charge field which is induced by fixed positive 
oxide charges within the sio2 layer and interface trap 
I / 
charge lying parallel to the Si-sio2 interface. These 
charges induce band bending in the Si, and increase the 
density of broken Si-Si bonds during oxidation of Si in 
dry o2, subsequently it is expected to increase oxidation 
~ 7· ., 1.3 
Si 
~c: 
i:lC"' 5 
Si02 Gos 
c .. 
0 }t1c; 
Fig.2.3. Schematic view of the effect of chemical 
constituent during thermal oxidation of Si. 
(Partly after." ref.[2.2]) 
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Fig.2.4. Illustration of the electrostatic potential 
variation across the three phase system(Gas-
sio2-si) during thermal oxidation process. (Ref. 
[2.2]) 
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rate in initial oxidation regime [ 2. 6]. Tiller also 
proposed possible potential difference between sio2 and 
gas ambient. The magnitude of potential given by the 
difference in Fermi levels for the Sio2 relative to the 
zero energy state of vacuum. 
2.1.2 Atomistic aspects of oxidation 
The oxidation process is the sharing of valence 
electrons between silicon an oxygen to form four silicon-
oxygen bonds. Each bond is largely covalent with a small 
ionic component at room temperature. The ionic component 
becomes more important at elevated temperatures. A 
characteristic of the covalent bond is directionality. 
Its manifestation in the silica structure is shown in 
Fig.2.5. [2.7] The basic structural unit of a thermally 
grown sio 2 layer • 1S a silicon ion surrounded 
tetrahedrally by four oxygen ions. The silicon-to-oxygen 
• internuclear distance is 1.6A, and the oxygen-to-oxygen 
• internuclear distance is 2.27A. These tetrahedra are 
joined together at their corners by oxygen bridges in a 
variety of ways to form the various phases or structures 
of sio2 • Silica has several crystalline structures and an 
amorphous structure. The basic crystalline structures of 
sio2 are called cristobalite,tridymite, and quartz. The 
amorphous structure grows when silicon is thermally 
16 
\ 
(a) 
• 
0 
0 
( b) 
(c) 
Fig.2.5. Illustration of the structure of Sio2• (Ref. 
[2.7]) 
(a) unit structure of Sio2• 
(b) a quartz crystal lattice. 
(c) an amorphous structure of fused silica. 
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oxidized. Therefore, the amorphous structure is the most 
important one in integrated circuit applications and is 
our main concern here. 
Tiller first proposed that crystalline phase of sio2: 
would be the best match to continuously transform Si in 
the <100> direction. Concerning thermodynamics, a new 
phase will be formed which lowers the excess free energy 
contrib.u.tion, A GE. Transformation of the Si phase to 
tbese Sio2 phases would require massive reconstruction 
except the cristobalite and the vitreous phase. However, 
the direct formation of 0(-cristobalite seems to offer a 
potentially much lower AGE[2.8]. This can be seen by 
considering the (100) face of the Si unit cell and the 
(100) face of the tetragonal 0( -cristobolite unit cell, 
whose projections are shown in Fig.2.6. However, there 
still are 4 excess Si atoms per unit cell that can be 
placed back into the system in interstitial positions and 
this will move the system toward compressive strain and 
also will increase the excess free energy. From XPS 
results, a transition layer is found to exist between 
Si and sio2 layer. It was suggeste.:o. that this transition 
layer is siox (x<2), of at most 1 monolayer, under a 1.5-
nm sio2 layer, and its properties are different from 
that of the bulk oxide. It contains a much larger 
population of 3-and 5-membered tetrahedral rings than the 
thick oxide which consists of predominantly of 6-membered 
rings [2.9,2.10].. Thus if the majority of these extra Si 
atoms enter the sio2 , we can expect relaxation to occur 
at the interface such that some extra Si atoms enter the 
sio2 ,as a results some extra half-planes on the Si side 
:will terminate at the interface(see Fig.2.6) • Since 
.dangling bonds at the interface of these half-planes 
constitute interface electronic states, this is probably 
the source of interface trap charge.[2.11] 
Till~r also shows that a mechanism exists for the 
rapid transition of the crystalline Sio2 phase to the 
vitreous sio2 phase within a few molecular distances of 
the interface due to interstitial flowing into the Sio2. 
These interstitials, almost 4 per unit cell, will swell 
the unit cell in the direction lateral to the interface 
making the interface SiOx more dense than the bulk sio2 . 
As oxidation proceeds, oxygen will oxidize these 
interstitial Si ions partially blocking the outward 
diffusion paths of other Si ions. This immobilized group 
reacts further to form o-si-o polymer chains. These 
chains may be thought to interconnect the interstitial 
spaces in the diamond cubic structure until flow produces 
enough volume that the more stable sio4 tetrahedra may 
form. It is well known that sio4 tetrahedra link together 
by sharing two of the four corners to form a continuous 
19 
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Fig.2.6. Projection of the Si and o(- cristabol
ite unit 
cells on to their (100) planes and Si-sio2 
interface.(Ref.[2.8]) 
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03 
• Silicon 0 Oxygen 
Fig.2.7. Illustration of a single pyroxene chain (Si03 )n 
as seen in three projections (a) on (100) (b) 
along Z (c) along y (d) in perspective. (Ref. 
[2.12]) 
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chain of composition (Sio3)n constituting the pyroxe
ne 
group of chain silicates in Fig. 2.7.(2.12] . Seve
ral 
features are important to note about t
he proposed 
interstitial chains. The incompletely oxidiz
ed Si (chain 
ends) are expected to contain unsatisfied bonds wh
ich 
will be positively charged. This is prop
osed as the 
origin of fixed positive oxide charge in th
e sio2 layer. 
As the system yields, complete oxidati
on of these 
interstitial defects become possible and the
y make the 
transition to the stable sio4 tetrahedra whi
ch completely 
transforms the SiOx to vitreous Sio2. 
2.1.3. Kinetic aspects of oxidation 
The general comprehensive model of the 
thermal 
oxidation of Si, achieved by Deal and Grov
e,[2.27] which 
apparently explains the general oxidatio
n behavior. 
However, the rapid oxidation regime of dry 
oxidation and 
the sensitivity of oxidation rate during
 chemically 
enhanced oxidation can not be explained pro
perly in this 
model. Recently, several modifications to
 the linear-
parabolic model were propose4 to explain
 the initial 
~- .~ 
rapid growth regime of dry oxidation. 
For the dry oxidation, a general relation
ship had 
4, 
been developed by Deal and Grove to describe
 the thermal 
oxidation of silicon. The formula was given 
as[2.27] 
7 
X.:_2 + AX = B ( t + "t' ) ( 7 ) 
where Xis the thickness and tis the oxidation time. The 
ahalysis used a linear growth rate(B/A) to account for 
the reaction of oxygen with silicon at the interface, and 
a parabolic growth rate(B) to account for the limitation 
of oxygen diffusion through the oxide layer. The latter 
effect becomes more dominant for the growth of thicker 
oxides and eventually dominate the kinetics. 
Experimentally, the relationship works well for wet 
oxidation in all oxide thickness range. However, for dry 
• oxidation, this relationship fails below =250A.[2.ll] 
Deal and Grove explained this by the presence of the 
space-charge effects based on negatively charged 
diffusing species. Ghez and vander Meulen proposed two 
parallel competing oxidation process; an atomic and 
molecular oxygen with Si at the Si-sio2 interface to 
-exp·lain the pressure dependence of B/A. They consider the 
parallel reactions at the Si-sio2 interface as molecular 
oxygen reaction and atomic oxygen reaction and proposed 
that the overall rate of formation of sio2 is simply the 
sum of the contribution above two reaction [ 2 .13]. Blanc 
proposed a model which involved diffusion of molecular 
oxygen but reaction of atomic oxygen and silicon.[2.14] 
This model adequately describes the initial rapid dry 
ox .. j.da_·ti.cfn. Lately Fargeix et. al. suggested that in this 
t-h-in range, dry oxidation follows a parabolic law with a 
different parabolic growth rate constant from that of the 
thick oxide. They postulated a slower diffusion rate of 
oxygen in the thin oxide due to a higher density and 
compressive stress which presumably should retard 
oxidation rate [ 2. 3]. However, they did not explain this 
contradiction. Irene et al. [2.15] introduced the concept 
of stress into the Deal and Grove model. For the 
interface reaction, rate constant is given as: 
K1 = kCoCsi d /~ 
where C0 and Csi are the oxygen and silicon 
concentrations,~ is the intrinsic stress and 1'[ is the 
·vi.scosity of sio2. 
For the para:bolic rate constant, 11, is given as: 
KP = 2CD/ .f (9) 
where c is the dissolved oxidant in sio2 , D is the 
oxidant diffusivity and j is the Sio2 density. The 
transport term can then be reduced by either a decrease 
in D or an increase in j or both. At low temperature, it 
is hard to tell the effect of d from the effects 1/_ nor K1 
from KP effects because 1'[ is also decreased at low 
temperature. Recently, Schafer ~reposed a new mechanism 
for the initial oxidation regime of Si that is based on 
the Si-Si bond breaking due to the presence of fixed 
24 
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positive charge within the sio2 l·ay-e:r::s 
near the Si-sio2 
interface. (.2. 6] 
It is well known that oxidation rate is s
ignificantly 
affected by the presence of heavily doped
 regions in the 
substrate and by impurities such as
 chlorine and 
fluorine. However, so far, though many s
tudies have been 
conducted during past decades of chem
ical impurity's 
effect on oxidation, there has been no a
vailable general 
model because the different experiments
 were conducted 
under different experimental conditions. 
current ideas regarding these effec
ts can be 
summarized as follows. Oxidation rate can
 be enhanced by 
increasing the reaction at the Si-sio2 
interface or by 
increasing the diffusion of oxidant throug
h loosening the 
:sio2 network. As the oxidiz
ing interface moves into the 
substrate, excess silicon atoms are 
believed to be 
generated in each lattice plane. To en
hance oxidation 
reaction rate at the Si-sio2 interface
, the density of 
broken Si-Si bonds should be increased
. Subsequently, 
excess silicon is completely consumed w
ith the chemical 
impurity acting as a catalyst. Doping 
levels which are 
high enough to make silicon extrinsic at
 the oxidation or 
diffusion temperature enhance the bulk c
oncentrations of 
silicon vacancy and hence, increase 
the oxidation 
rate. [ 2.18] The increase of silicon va
cancies 
25 
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concentration can be thought of as a means of enhancing 
the oxidation rate at the si-sio2 interface. Depletion of 
the silicon interstitials at the Si/Sio2 interface 
implies that the generation mechanism of point defects 
•ust be changed to supply these silicon vacancy which 
subsequently changes the atomic structure and dielectric 
properties of oxide. 
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2.2. Review of Fluorine Enhanced oxidation Kinetics Studies 
2.2.1. Chang et al.'s work[2.16] 
Fluorine-enhanced low temperature(<6oo 0 c) plasma 
growth of oxides was studied. It was found that the 
growth rate was greatly increased by incorporation of 
less than 1/2 atomic percent fluorine into the film. 
Fig.2.8 shows a plot of the growth rates as a function of 
CF4 concentration. They found that the rate of grow
th was 
increased with CF4 concentration up to about 2% and then 
started to decrease due to etching of the oxide. The 
fluorine enhancement was quite large. However, these 
results are only valid under plasma conditions. An Auger 
depth profile of a typical oxide(lOOOA thick) grown at 
450°c in a fluorinated oxygen discharge is shown in 
Fig.2.9. The other interesting feature is the 
distribution of fluorine in the oxide. It was proposed 
that the manner in which fluorine is incorporated into 
the plasma oxide appears to be very similar to the mode 
of chlorine incorporation in thermal oxides. They 
proposed further that the increase in the growth rate is 
mainly due to increase the rate of oxygen-silicon bond 
formation at the interface by catalytic reaction of 
fluorine species in the oxygen plasma which will react 
more readily with silicon than does oxygen. 
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The oxidation rate of silicon has been studied 
between 600 and soo 0 c by adding NF 3 gas to a. dry oxygen 
atmosphere. From the results of Fig.2.10, they proposed 
that the kinetics of fluorine-enhanced oxidation can be 
basically explained by Deal-Grove model. In particular, 
the linear rate constant B/A for the fluorine-enhanced 
oxidation is two orders of magnitude larger than that for 
dry oxidation. This indicates that fluorine radicals in 
the oxygen ambient primarily enhance the oxidation 
reaction rate in the interface. They also suggest that 
the increase in the parabolic could be explained by the 
fact that the oxide layer contains a significant number 
of Si-F bonds. These fluorine-silicon bonds slightly 
modify the microstructure of the oxide and enhances the 
oxygen diffusion through the oxide. The compositional 
change in the oxide film by post-annealing in pure oxygen 
gas was also measured by XPS. The indepth profiles of Si, 
o, and F atomic concnetrations before and after annealing 
are compared in Fig.2.11~ The compositions for an as-
grown oxide are uniform in depth, and a significant 
amount of fluorine is incorporated throughout the oxide. 
They proposed that most of fluorine content in the oxide 
form Si-F bonds contribute to reconstruction of the oxide 
network, and hence the local structure of a such a 
30-
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fluorinated oxide would be slightly different from that 
of conventioal thermal sio2• The decrease of the fluorine 
content in the oxide by post-annealing is more pronounced 
in the surface layer than in the bulk, possibly because 
the out-diffusion of fluorine atoms takes place during 
the substitution reaction between bonded fluorine and 
diffusing oxygen. 
2.2.3. R.J. Jaccodine et al's work[2.19] 
They introduced a new chemical source for fluorine. 
Their studies involves the influence of low concentration 
additions of a 1,2-dichorofluoroethane to a dry o2 
ambient. Fig.2.12 (a) and (b) show the resultant plot of 
the linear and parabolic rate constant vs. vol% of 
c 2H3cl 2F. Both the linear and parabolic rate c
onstants 
are increasing as a function of vol% c2H3cl2F (up to 0.11 
vol%) addition. It is aparent from their data on rate 
constants that at low concentrations of fluorine have a 
marked effect on the oxide growth rate through their 
influence on both Band B/A. They point out fluorine is 
acting like a hydroxyl anion which forms SiF2 like 
surface and these chemisorbed layers influences in the 
unususal way the kinetics of silicon oxidation. 
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2.3. Experimental 
The silcon wafers used in this study were p-type, B 
doped, with (100) orientations with range of 11.0-15.0 
ohm• cm. 
2.3.1. Cleaning of Silcon w,;ers 
Silcon wafers were treated with 1) 3NH40H : 1 H2o2 to 
remove organic contamination; 2) 10% HF solution in 
deionized(DI) water to remove the native oxide. After 
each chemical teatment wafers were rinsed with running DI 
water (18 megaohm-cm resistivity at 10°c). 
2.3.2. Fluorine Enhanced Thermal Oxidation 
Oxidation was carried out in conventional single wall 
oxidation furnace after the above-described cleaning 
procedure. The wafers were pushed into the furnace during 
nitrogen pre-heating and were equilibriated at the 
oxidation temperature. The nitrogen was then turned off 
and a certain volume percent NF3 added through o2 flow. 
After the allowed oxidation time, the o2/NF3 was turned 
off, and after 2 Omin nitrogen purge, and then the wafer 
were pulled out of the furnace. The oxygen used had a 
minimum purity of 99.6%, with the major impurity being 
argon. It contains a maximum of 40ppm hydrocarbon and 
9ppm water. The NF 3 was of 99.9% purity and was used as 
• 
obtained from the manufacturer. The teflon flowmeters 
used in this study was precalibrated for air and water by 
the maufacturer. For the NF 3 , the flowmeters were 
calibrated with air, and the flows subsequently corrected 
for the densities and viscosity of NF3• 
2.3.3. Measurement of Silicon Oxide Thickness 
The oxide thickness and refractive index of the oxide 
·films were determined by a Rudolph Research Auto EL-II 
ellipsometer, which containes a helium neon laser. The 
reproducibility of the oxide thickness is the range of 
3%. Because there is no standard data, the refractive 
index and oxide thickness of fluorinated oxide was 
measured simultaneously by program lO in Rudolph system. 
2.3.4. Gas Phase Equilibrium 
S0LGAS[2.22] is a program used for calculating 
equilibrium compositions and thermal conditions in 
systems containing ideal gaseous species and pure 
condensed phases. The method of the equilibrium 
calculation based upon minimization of the free energy G 
of the system considered, subject to the mass balance 
relations as subsidiary conditions. Inr, reality, the 
equilibria of the reacting gas occurring in hot zone of 
the furnace after long transit time(typically lmin) can 
be considered as reaching thermodynamic equilibrium. 
,· 
~· 
·. ... ·_:.3· .  ·-7·
Considering this assumption, the calculation of the 
equilibrium compositions in the oxidation ambient becomes 
quite important to understand the oxidation kinetics and 
oxide properties. 
2.3.5. Determination Oxidation Rate Constant 
oxidation in two kinds of oxidizing species can be 
considered in the following way shown in Fig.2.13. The 
flux of across the oxide consists of o 2 and NF 3. If the 
NF 3 molecule behave like a catalyst, then, for small 
concentration of NF 3 , the reaction constant, K, can be 
written in the first order approximation[2.23] 
K = K + kc• 0 1 (1) 
when K0 and k 0 is the reaction constant for the o2 and 
NF 3 , respective~y. The oxidation rate constant in the 
two oxidizing ambient can be expressed as below by 
following Deal-Grove '-hnalysis. [2.28] 
B* = X2 + A*t (2) 
* * B = B1 + B2, A = A1B1 + A2B2/ B1 + B2 (3) 
when 1 and 2 represent o2 and NF 3 , respectively. If the 
o2/NF3 volume ratio is sufficiently small, B2 becomes 
negligibly small, then we can get 
(4) 
(5) 
when c0 and c 0 are concentration of o2 and NF 3 , 
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, respectively. The parabolic rate constant B depends on 
the partial pressure of oxidant in the oxidizing ambient, 
mainly solubility of the oxidizing species in sio 2 , and 
the effective diffusion coefficient. The linear rate 
constant B/A depends on the reaction constant of o2 and 
NF 3 at the sio2-si interface . However, it is difficult 
to estimate accurately the oxidation rate constant, 
be.cause of the lack of accurate kinetics model for 
chemical enhanced oxidation. In addition, the 
establishment of an accurate model for chemical enhanced 
oxidation is even more difficult since the details of the 
physical, chemical, and electrochemical mechanism are 
unknown. In this study, we followed the Deal and Grove 
model analysis. Since their analysis still can give us 
some insight for oxidation mechanism. 
There are several techniques available to determine 
the oxidation rate constants, such as determination 
based on Xi (intercept of oxide thickness axis), 
determination based on (intercept of oxidation time 
axis), determination based on X0 and tc( transformed 
oxide thickness and time), and determination based on 
(dx0 x/dt)-1 (the inverse of the oxidation rate) [2.20]. As 
a consequence, some discrepancies in the reported values 
of the oxidation rate constant stems from the -variation 
in the techniques and fitting parameters used in 
40 
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calculating the rate constants. The analysis used here 
is based on . The relation between oxide thickness X0 
and oxidation time is given by 
Xo2 + AXo = B(to + 7:) (6) 
by dividing both sides by x0 , the linear-parabolic 
relationship can be rewritten as 
(7) 
The value of~ is determined by estimating the 
intersection of the extrapolation of the linear-parabolic 
relationship with the time axis and is thus prone to some 
uncertainty. In this way, errors are probably 
unavoidable in the calculated values of Band B/A. 
•. 
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2.4. Results 
2.4.1. Gas Phase Equilibrium 
In order to separate the effect of fluorine from that 
of other gas phase species on the oxidation kinetics, we 
calculated the equilibrium partial presures of the 
various gaseous species in the F-N-0 system by using a 
modified SOLGAS program in the temperature range of 
soo 0 c to 13oo0 c for given ratios of the input gases 
holding the total pressure at 1 atmosphere. Result for 
o. 04 4 vol% NF 3 added to dry o2 ambient is shown in 
Fig.2.14. From the calculation, the NF3 gas added to the 
oxidation ambient will react with the oxygen according to 
the following reaction: 
2NF3 + o2 ~ 2NFO + 2F2 (at low temperature) 
-,. N2 + 6F + 2NO (at high temperature) 
The dominant species are F, N2 , o2 , NO at higher 
temperature (>90o 0 c), and NFO, F2 and o2 at low 
temperature (<9oo 0 c), repectively. From the dominant 
species, F is the suspected catalytic species. However, 
by considering that oxygen contained a maximum of 40ppm 
hydrocarbons and 9 ppm water, the real conditions is more 
close to N-F-0-H system. Fig.2.15 shows the relative 
concentrations of species in the NF 3;o2 system with 
0.005 vol% H2 at different temperatures. It is the 
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noticed that HF also exists over 
all range of 
temperature, at higher concentration. 
Therefore, HF is 
the other catalytic species. We also
 used gas phase 
simulation (SOLGAS) to verify the etching behav
ior of 
fluorine. Fig.2.16 shows the relative co
ncentrations of 
species in the N-F-0-H-Si system as
 a function of 
temperature assuming that Si is initi
ally present at 
equilibrium. The partial pressure of Si
F4 is higher at 
low temperature than that at high te
mperature. This 
indicates that etching behavior of oxide 
strongly depends 
on the temperature because of the compet
ing of existing 
catalyst on the temperature, i.e, at low
 temperature, HF 
is the dominant catalyst for etching oxi
de. Contrary to 
this, at high temperature, Fis domina
nt catalyst for 
increasing oxidation rate. The calcula
ted equilibrium 
partial pressure of SiF4 indicate stron
g d~pendence on 
temperature as well as on NF3 vol%. The 
partial pressure 
of SiF4 increases with the ad
dition of NF 3 in the range 
below soo0 c, but decreases in the range
 of above 9oo0 c. 
Particularly, in the temperature range o
f 600 and aoo0 c, 
M 
they show transition behavior from increa
se to decrease, 
as shown in Fig.2.17. These temperatur
e and NF 3 vol% 
dependence are believed to be owing 
to free energy 
minimazation and mass balance, respective
ly. 
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2.4.2. Refractive Index of Fluorinated oxide 
The refractive index of crystal is usually defined 
as the ratio of the light velocity in a vacuum to the 
light velocity in a material. It depends on the density 
and composition of the crystal artd varies with 
temperature. The refractive index of fluorinated oxide 
can provide useful information for understanding the 
oxidants diffusion behavior and density of oxide. The 
refractive index of oxide is known to depend on oxidation 
temperature, oxide density after annealing, oxidation 
ambient, roughness of a surface [2.24,2.25]. 
The refractive index of the oxide films grown at 
different temperatures for different vol% of NF 3 are 
shown in Table I. They shows the increase of refractive 
index of the fluorinated oxides with increase of NF3 vol 
%. The refractive index of the fluorinated oxide in the 
thickness range of 1000-1400A is compared with those of 
dry oxide and chlorinated oxide shown in Table II. 
·4'8 .l /. 
Table I - Refractive Index of the Fluorinated Oxide. 
0.011 vol% 
NF 3 
0.022 vol% 
NF3 
0.033 vol% 
NF3 
0.044 vol% 
NF3 
--------------------------
--------------------------
--------
1/2 hours 
.l hours 
:'2 ·hours: 
-4. hours 
8 hours 
l2. hours 
1 hours 
2· hours 
4 hours 
8 hours 
12 hours 
1.330 
1.462 
1.450 
1.447 
1.445 
1.440 
1.453 
1.454 
1.446 
1.441 
1.438 
1. 2.80 
1. 43:6 
1.446 
1.439 
1.449 
-
1.455 
1.456 
1.438 
-
1.436 
:.,· 
1.430 
1.448 
1.443 
1.437 
1.450 
1.427 
1.452 
1.453 
1.452 
1.435 
1.433 
1.430 
1.:444 
1.442 
1.431 
1 •. 45·4 
1.440 
1.453 
1.453 
1.451 
1.437 
1.436 
--------------------------
--------------------------
------
Table II. Refractive index of various oxides grown on (100) 
silicon in the thickness range of 1000-1400A 
--------------------------
----------------------Refractive Index change 
--------------------------
---
Oxidation Ambient 1000°c 
--------------------------
----------------------
Dry Oxidation 
HCl Oxidation 
NF3 Oxidation 
1.468 
1.4679 
1.454 
1.465 
1.4615 
1.451 
--------------------------
----------------------
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2.4.3. Fluorine Enhanced Oxidation Kinetic 
Log-log plots of oxide thickness vs. oxidation time 
for the thermal oxidation of (100) oriented silicon in 
o 2 /NF3 mixtures at temperatures of 900 and iooo 0 c, are 
shown in Fig. 2.19 and 2.20, respectively. It is clear 
that the effect of NF 3 addition is to make a large 
increase the oxidation rate relative to oxidation in dry 
o2• In particular, we did not find any etching behavior 
of fluorine in the temperature range of 900 and 1000°c, 
but relatively large increase in the oxidation rate with 
the addition of NF3 vol%. 
2.4.4. Oxidation Rate Constant 
In order to separate the effects of NF 3 on the 
parabolic Band linear B/A rate constants, and thus 
obtain some indication of the role NF3 plays in silicon 
oxidation. The dependence of i' B, and B/A, was 
observed upon NF3 addition. The results of the Deal-Grove 
analysis on the data shown in Fig. 2.18 and 2.19 are 
summarized in Fig.2.20 and 2.21. These are semi-log plots 
of the effect of NF 3 concentration on the parabolic and 
linear rate constants, r;espectively: .. ·rt s.hould- be noted 
that the rate constants generated by Deal and Grove model 
and plotted Fig. 2.21 and 2.22 are effective rate 
constants, in that they represent the combined effects of 
5:0. 
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0 .005 .............. ~_..;L--...l--'--IL-L.U-L1-_L--L--LJ 
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1-! 
Fig.2.18 Oxide thickness vs. oxidation time for the 
oxidation of (100) silicon in vario¥s o2/NF3 
mixture at 9oo0 c. 
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Fig.2.19 Oxide thickness vs. oxidation time for the 
oxidation of (100) silicon in various o2/NF3 
mixture at 1000°c. 
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C2H3Cf2F CONCENTRATION (vol%) 
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Fig.2.20. Linear rate constant vs. vol% NF3 and vol% 
c2H3cl2F in o2 for the oxidation of (100) 
silicon at 900 and 1000°c. (Partly after ref. 
[2.19]) 
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Fig.2.21 Parabolic rate constant vs vol% NF3 and vol% 
c2H3c1 2F in o2 for the oxidation of (100) 
silicon at 900 and 1000°c.(Partly after ref. 
[2.29]) 
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2.5. Discussion 
During fluorine enh·anced oxidation, oxide etching 
behavior was reported by previous works shown in 
Fig.2.22 [2.17,2.21]. Even though they used the different 
oxidation system, oxide etching behavior was apparent. 
Etching behavior was obvious at low temperature for small 
amounts of NF 3 vol%. This etching behavior can be 
explained qualitative.ly by the dependence of active 
catalyst on temperature; at low temperature, HF which is 
formed, etchs existing the oxide and thus reduces the 
oxide thickness~ At high temperature, besides HF, a 
large amount of F is catalyzed and :increases the 
oxidation reaction by supplying enough :.Si dangling bond 
at the Si-sio2 interface. 
Quantitatively , the result of SOLGAS simulation··can 
be used to expain the oxide etching behavior ,shown in 
Fig.2.17. Assuming that initial hypothetical oxide growth 
follows a linear law and the parti·al. pressure of SiF 4 is 
a measure of oxide etching behavior, we can super-imposed 
the partial pressure curve of SiF4 on the linear oxide 
growth curve as shown in Fig.2.23. There are three 
different regim.e of oxide growth behavior, which 
geometrically match well with experimental results in 
Fig.2.22. However, the behavior at 100°c, fit very well 
5.5 
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Fig.2.22. oxide growth and etching behavior as a function 
of NF3 volt.(Ref.[2.17,2.21]) 
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(c) 
(b) 
\ 
'---· -
(a) 
Fig.2.23. Schematic oxide growth and etching behavior 
during NF3 oxidation. (a) soo°K (b) 1ooo°K and 11oo°K (c) 
900°K and above 1200°K (X-axis:NF 3 vol%, Y-axis: 
Arbiturary thickness,-·-·-•-;hypothetical oxide growth,-
- - -:partial pressure of NF 3 ,------: total gowth 
behavior) 
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. .., 
with the result of hot wall tube[2.21J, but not very well 
I 
with the results of oxide grown under cold wall tube 
condition. In addition, considering the partial pressure 
of SiF 4 depends on the temperature in these simulation, 
the interaction of fluorine with furnace wall is less 
important than we expected in the etching behavior of 
oxide. Particularly, near 9oo 0 c, the transition from 
oxide etching and growth occurs near to 3 o minutes 
oxidation time illustrated by Fig.2.23, which indicates 
transition will occur in less than 30 minutes for 1000°c 
and higher temperature. 
The fluorine enhanced oxdiation process can be 
explained based on the gas phase simulation, SIMS 
analysis and growth kinetics as follows; 
When a Si is heated in NF 3 added dry o2 ambient, NF 3 
molecules thermally react with o2 , produce HF, o2 , ONF, 
H2and F2 at low temperature (<9oo 0 c) and o2 , F, N2 , HF 
and NO at higher temperature, respectively. HF seems to 
etch existing oxide. The transport of the fluorine to the 
oxide surface may be controlled by Henry's law. 
Next, the diffusion of fluorine through the existing 
oxide can be activated by the concentration gradient of 
the fluorine. Even though fluorine profiles of an 
fluorinated oxide shown in Fig.3.13 indicates very small 
concentration gradient, the transport of oxygen through 
58 
oxide can be increased in the fluorinated oxide 
structure. 
It has been suggested fluorine reacts catalytically 
·with Si, forming a fluorinated layer at the Si-sio2 
interface. By recent work( Ab initio computation of F 
level and XPS spectra) [2.28,2.26], F atoms penetrate the 
Si surface at three adjacent open sites in Fig.2.24, 
forming SiF 3 chemisorbed layer. The fluorine of 
chemisorbed layer seems to have some solubility • in 
silicon considering the SIMS profile in Fig.3.13. It will 
then easily form SiF 4 by adsorption of another fluorine. 
Because of the strong internal bonds in the very stable 
SiF4, it is likely to be only weakly bound to the rest of 
the surface .and should easily desorb into the gas 
phase. [ 2. 2 6] 
This chemisorbed and etching reaction is the catalytic 
reaction at the interface that increases the available 
number of Si dangling bond. This enhancement of reaction 
rate can be observed in Fig.2.20 and 2.21. Linear rate 
constant is increased with the addition of NF3 at 1000°c, 
however, at goo 0 c, trend is reversed because of the 
etching behavior of oxide. Also the diffusion of oxidant 
can be explained by considering the low refractive index 
and fluorine distribution in oxide, inferring that the 
oxide is loosely packed. 
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i:: 
~ First-layer Si atoms 
Q Second-layer Si atoms 
(a) on-top 
(c) open 
(d) eclipsed 
Fig.2.24 Schematic of the Si(lll) surface showing 
possible site for fluorine; the two kinds of 
the threefold sites, open and elipsed are 
indicated by dashed lines. Representive on 
top, open, and ecliped sites are labeled with 
letters a,c, and d.(Ref.[2.26]) 
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2 • 6 • S11mmary 
Fluorine enhanced oxidation is performed at high 
temperature range(900-1000°c). Previous low temperature 
data is re-considered based on the SQLGAS results. It is 
found that the etching b'e.hav:io:r -:o.f oxide is more 
dependent on oxidation temperature than the oxidation 
system and is not a major factor in the higher 
temperature range. Based on the growth kinetics and gas 
phase s im-ula·:ti.on (_SOLGAS), the f 1 uor ine enhanced 
oxidation procass. ts explained~ 
~-·· 
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3.THE BEHAVIOR OF OXIDATION STACKING 
FAULTS(OSFS) DURING FLUORINE ENHANCED 
OXIDATION OF SILICON 
During past decade, con=si:d:e,=r:a··b::l.e. w··ork has been 
devoted to OSF since an OSF oa·n, -r-=ed·u:ce· the yield of 
bipolar and MOS devices. Stacking faults can form during 
epitaxy and ox:i_dation processes. Oxidation stacking 
faults re·$ult ·fr<>~- .a St1persaturation of silicon 
interstiti~ls during the thermal oxidation of silicon 
near the s i - S i O 2 interface [ 3 ... 1 - 3 • 5 J • They are 
extrinsic planar defects lying on (Ill) planes bounded by 
Frank partial dislocations [ 3 .·s]. Epitaxial stacking 
faults form to optimally match the lattice planes of 
substrate and epitaxial layer. Even. :though the nature of 
the formation of epitaxial and ·ox-idat:i-on stacking faults 
are different, their growth behavio.r are- qu.ite similar. 
In MOS devices, large OSF c.an f:-o .. rm dur·ing the thick 
oxide process in the fabrication. of MOS1 devices. It is 
well known that the carr·ier l.i:fet:±.-me= of MOS memory 
devices [3.6] and the storage time of charge-coupled 
devices(CCDs)[3.7] are affected by the presence of OISFs. 
In bipolar devices, SF can be produced in the epitaxy 
process and in su·bs·equent oxidati.o.n as well as during 
.6:-5. 
diffusion processes in oxidizing ambient. Their structure 
can be extrinsic .or intrinsic. They are a cause of 
emitter spikes and junction leakage[3.8,3.9] •. 
Several techniques have been developed to control the 
generation and growth of OSFs especially in the active 
d.-evice region. Typical examples are chlorine oxidation 
{,J: .-IO], backside mechanical damage [ 3 .11], :i:,a:ckside ion. 
implantation [ 3 .. 12 J, backside phosphorus diffusion [ 3 .13], 
intrinsic gettering [3.14]. Recently, the influence of 
implanted fluorine on OSF has been reported [ 3 .15]. They 
proposed in their work the fluorine near the Sio2-si 
interface plays an effective role in the shrinkage of OSF 
in similar way as chlorine. However, we propose that the 
suppression of OSF growth during fluorine enhanced 
oxidatio.:n :lll.ia.y be a different situati.:on from that of 
chlorine. 
In section A, a general behavior of OSF is· 
:presented. Nucleation , growth, and shrinkage behavior is 
discussed. In section B, previous study is reviewed. The 
experimental details of present work are described in 
Section c. The experimenal results are presented and 
discussed in section D and E, respectively. 
-. 
66 
! 
3.1. General overview of oxidation stacking faults 
3.1.1. The nucleation of OSF in Silicon 
OSFs are known to nucleate heterogeneous.1·y 'at the 
·surface defects resulting frq.in Vclrious reasons, such as 
mechanical damage[3.16], ion i~plantation damage[3.17], 
and grown-in defect[3.18]. But, b._y analogy with metallic 
systems, it is bel.ieved that the nucleation of an OSF in 
silicon ca-n occur homogeneo·:usly.[3.19] 
Hirth proposed that as o·xid.at:ion is initated, the 
free surface ledges wo.uld b-e c.ohverted to ledge 
dislocation lines. The intertace stacking faults, and 
their associated partial dislocation, can be created by 
' 
the punching-in of the ledge dislocations into the 
silicon. However, for Si(Ge), the atoms form covalent 
bonds, and each dangling bond has free energy. Thus, in 
these semiconductor materials the dislocation nucleation 
problem differs from that in metals in the sense that 
dangling bonds must be considered.[3.20] So far, although 
oxidation- stacking faults in silicon have been 
extensively studied, no clear consensus has developed 
over the precise mechanis-m··s involved in nucleating these 
defects. However, several models have been proposed. The 
generation of these defects requires two events to take 
place. First, an excess concentration of silicon self-
6··.:.·7· . .. 
'---. 
interstitial.$·i O:r other impurity atoms, ~hould be 
generated during the oxidation process. Sedond
, these 
excess atoms should then condense to form 1¢calized
 extra 
planes of atoms between close packed planes[3.21]. 
First, by analogy with a metallic system,
 a. 
dislocation model is proposed that a perfect disl
ocation 
occur after mechanical damage with a downward co
mponent 
of its Burgers vector on a Type I plane can inter
act with 
·artother perfect di.slocation on a type II plane 
with an 
tf:pward compone.nt to its burger vector shown in
 Fig. 3 .1 
·to produce a L·o·m.e'r lock dislocation };)y :a r.eactio
n such 
a.S{3.22] 
a/:2-[:l·O:·o:J + ·ci/>2.'[·011] .. a/2 [ 110] 
:Th-~ _p:roduct d·i.s:l:ocation lies along the interaction
 of ·the· 
t·wo planes, [ 110]. This react ion is energet ica·11y 
favorable and reduces the strain energy in the c
rystal •. 
·The resultant dislocation is a perfect dislocation
 of the 
primatic type, sessile because it lies on the (001) plane 
and cannot glide on the slip planes of either
 of the 
reactant dislocations. Finally, a Lamer lo
ck can 
dissocate into two partial dislocations separat
ed by a 
s-tacking fault, according to a reaction of the typ
e 
a/2(110] -t'a/3[111] + a/6(112] 
Here the Lomer prismatic dislocation dissociates
 into a 
Frank and a Shockly dislocation. It is shown tha
t early 
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Fig.3.1.Schematic view of the stacking faults 
formation.(Ref.[3.22]) 
(a) shear stress distribution after scatch. 
(b) geometry of the slip plane after scratch. 
(c)schematic of the OSF in (100) oriented 
silicon. 
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·in the oxidation process, this reaction odours at a 
number of sites along the scratch locu.s., -'I'he Shockley 
d·islocations being glissile, g-lide out 9··f the crystal 
is·urface, attracted by surface image forc,es·. The Frank 
partial dislocations bounding the stacking faults nuclei 
1 grbw by t~~ precipitation of interstitials generated at 
·tn.e: aclv·anc-i,ng si-sio2 interface, re~ulting in the climb 
·of: t.he. Fra.nk partial dislocations into the crystal thus 
e'n.larging the stacking faults areas. The weak point of 
:the dissociated dislocation model for stacking fault 
._nucleation is that the prior existence of a dislocation 
in the crystal is not always a prerequisite for fault 
nucleation. 
In the absence of dissociated dislocations, the 
:meqhanism of point defect condensation best describe the 
·S·t:a·cking fault nucleation process in silicon, when 
s:ta.cking faults are generated at ,r-egions of local 
mechanical damage and no dislocatio·ns are generated in 
the· early stages of fault nucleation. The locally 
increased surface area of the silicon creates a situation 
whereby the flow of excess interstitials created as a 
consequence of the oxidation process is enhanced at the 
vicinity of the scratch due to the two oxidation fronts 
at angles to each other. The locally supersaturated self-
interstitals ,or other impurity atoms can condense to 
·1.:0 
form stacking faults, which will be confined to the site 
of mechanical damage on the surface [3.21]. 
3.1.2. Growth chracteristics of OSF 
The growth and shrinkage of OSF when they are 
extrinsic, can be understood either by the absorption of 
silicon interstitals from the surroundings or by the 
emission of vacancies into the surrounding matrix from 
the stacking fault interface. The kinetics of growth and 
/or shrinkage of the OSF is determined by the rate of 
capture and release of s:ilicon self intersttials by the 
I I 
. · • I partial d1slocat1on sµrrounding the OSF. 
The driving force for this growth is the 
concentration of interstitials in silicon at the silicon-
oxide interface which has some value, Ci, during 
oxidation except in the vicinity of the OSF where the 
interstitials are captured. The concentration Ci at the 
Si/Sio2 interface during oxidation is determined by the 
rate of oxide growth. So far, several authors have 
proposed models with variation of these assumptions. The 
rate of capture is determined either by the diffusion of 
interstitials to the partial dislocation,[3.23] or by the 
reaction at this partial dislocation[3.24]. The 
concentration Ci of silicon self-interstitials at the 
silicon oxide interface is proportional to the growth 
7--1 
rate of the oxide with an exponent of 0.5[3.25] or 
0.4[3.26]. Various mechanisms for this relation have been 
given: equilibrium between oxygen and interstitials at 
the interface [3.23] ;generation of interstitials in 
oxide through the reaction of oxidation and recombination 
by another reaction in the oxide, some of them diffusing 
into the silicon[3.26] ;generation of interstitials in 
silicon through the oxidation and accumulation by another 
reaction in the silicon [3.25]; and the generation of 
interstitials due to the plane stresses at the Si-s±o2 
-interface [ 3 • 2 7] . 
The activation energy, a measure of the kinetics 
process , significantly explains the temperature 
dependence of OSF growth and shrinkage shown in Fig.3.2. 
At low temperature, the activation energy of growth is 
larger than that of shrinkage. However, as temperature 
increases, this situation is reversed. The activation 
energy of growth theoretically, includes the energy of 
interstitial generation and the interstitial migration in 
the silicon.[3.26] However, from the experimental defined 
value(2.4 eV) , it appears that the activation energy of 
growth is mainly due to the interstitial migration in 
silicon(2.0 eV). The activation energy (4.8 eV) for 
shrinkage involves the formation and migration of 
interstitials near the stacking faults. Both activation 
72 
• i 
I 
i 
... , .. 
"'O i:, 
l!) 
0 
...J 
RETRO-
GROWTH GROWTH 
• 
I 
T 
Fig.3.2. Activation energies of the growth and shrinkage 
of OSF.(Ref.[3.26]) 
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energies are expected to b~ rather independent of the 
oxidation ambient except for chlorine containing ambient. 
3.1.3 Chracteristics of Shrinkage of OSF 
The driving force of shrinkage of OSF, the 
concentration of interstitial, Ci, at the Si-sio2 
interface during oxidation is determined by the oxidation 
ambient. During an anneal in:~ neutral .atmosphere, Ci is 
drastically r·educed r to· the ·ther'mal equilibrium 
concentration, ·and the OSF shr··inks,. A small percentage of 
HCl and c1 2 in the oxidizing atmosphere leads to their
 
subsequent shrinkage at temperatures where OSF in dry or 
wet oxygen would normally grow. Thus we can expect that 
chlorine reduces the efficiency of the sio2-si interface 
as a source of interstitial, probably by reacting 
chemically with interstitial at the interface. Some 
available data indicate that in the p_resence of chlorine 
the shrinkage :at high temperatures is even faster than 
expected for an inert ambient in Fig.3.3 [3.28]. This 
result implies that the sio2 -si interface acts as sink 
for Si self-interstials, which in turn leads to 
undersaturation of interstitial,. qi <C·i eq , in agreement 
with the higher shrinkage rate .. How-e·ver, the activation 
energy of shrinkage in chlorine ·am;bi.ent is known to very 
close to that in the neutral ambient, which indicates its 
role as a sink for silicon interstitials is very weak. 
C . 
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3.2. Previous work[3.15] 
Isomae et al. described the shrinkage of OSF due to 
fluorine which is implanted into sio 2 film on Si 
substrate. Fig.3.4 shows a relation between the length of 
OSF and the dose of :BF:j ion in samples oxidized in dry o 2 
for 4hr after io·rt: implantation. As seen in the figure, 
the length of Q:.S_'F decreases with BF3 i.on dose. on the 
other hand, in wet o2 oxidation after the • ion 
implantation, nb shrinkage of OSF due to fluorine was 
found. 
After dry o2 oxidation, there were two fluorine peaks; 
one located in the middlie region of the oxide, the other 
near the Sio2-si interface shown in Fig.3.5. The former 
peak was expected from the ion implantation, although the 
peak was fairly r.educed by out-diffusion of fluorine 
during oxidati.o.n.. On the other hand, the latter peak was 
newly produced by the dry o 2 oxidation. For wet o 2 
oxidation, onl:y a broad low peak was observed in the 
oxide and no appreciable peak was detected near the 
interface. In this case, most of the fluorine diffused 
out of the oxide. These results indicate that diffusion 
of fluorine in the oxide strongly depends on the 
oxidation ambients. With regard to the shrinkage 
mechanism of OSF, the authors applied the same mechanism 
as that proposed for HCl oxidation. 
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3.3. Experimenatal 
3.3.1. Nucleation of OSF 
We used P-type, B-doped (100) silicbn wafers from 
CZ-grown silicon crystals, with resi~tivities of 5.95-
8.05 ohm/cm 2. The surface of wafers were mechamically 
damaged to provide nucleat-iion. sites for the oxidation 
stacking faults. Stress: and deformation induced in a 
silicon c~yst.:al py· ·,a s·cra-t·ch ar.e· schematically shown in 
Fig.3.·6~ str~ss fh(ti*t~al atress) and Fv(shear stress) 
are appl:ied a.long the grinding direc.t··ion and the 
direction perpendicular to it, respectively. However, 
the deep damage is thought to induce~- r~lease of Fv. 
3.3.2. Fluorine Enhanced Oxidation 
After standard cleaning procedures, one group of 
wafers were oxidized at 1100°c in dry oxygen to grow 5 pm 
and 15 pm long OSF. The otber group of wafers were used 
to study the generation behavior duri.ng fluorine enhanced 
oxidation. These wafers were used in two different 
experiments. ·First, after the initial oxides were removed 
by 10%HF, wafers were reoxidized in NF 3 dry oxidation 
ambient with different concentration of NF3(0.011-o.044 
vol %) in order to observe the effect of NF 3 on the ) 
;,.,. 
growth and shrinkage behavior. Second, wafers with NF 3 
oxide were reoxidized in dry o2 for up to 4hrs at 1100°c 
·79 
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Fig.3.6. Schematic drawing of stress and deformation 
induced in a silicon crystal during scratch. 
(Ref.[3.22]) 
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' 
to observe the effect of residual fluo.r±ne in the oxide. 
Fluorine enhanced oxidation of the silicon was conducted 
in a typical hot wall oxidation furnace between aso0 and 
1100°c with the addition of the NF 3 in the vol% range 
of Q.011 to 0.044. Oxide th:i.cknesses were measur·ed by 
Rtl.clo.lf II ellipsometry with a hel:Ium-n·eon laser. 
3.3.3. Determination of Length OSF 
The length of the stacking faults were delinated by 
Secco etch after oxide film removed by 10 % HF solution 
and were measured using an optical microscope. By this 
method, w.e c'-·an obtain .. d.ire·c.t.ly the size distribution of 
the sur·f·ace stacking .fault diameters Such a distribution 
measured on the micrograph(Fig.3. 7) aftre 8hr at 1100°c. 
is show in Fig.3.8. curve is peaked at 5 um and follows 
very nearly a normal distribution. The representative 
value of the diameter chosen is the mean value of the 
distribution. 
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·, 
Fig.3.7. Optical micrograph of OSF after 1 hrs oxidation 
at 1100°c. (lOOX) 
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3.4. Results 
3.4.1. Shrinkage of OSF's 
It was found that there was no generation of new 
stacking faults for both fluorine enhanced oxidation and 
subsequent dry reoxidation. This result suggests that 
preexisting OSFs in the silicon shrink and no generation 
occurs during fluorine enhanced oxidation. Figure 3.9 
and 3.10 show the variation in length of the OSFs as a 
function of oxidation time and temperature for the OSF of 
different initial lengths (5 pm and 15 pm). It indicates 
that the shrinkage of OSF is non~linear with time. The 
OSF length decreases with the increase of reoxidation 
time under all oxidation conditions. 
3.4.2. Effect of NF3 OSF behavior 
Fig.3.11. shows the variation of OSF length with NF 3 
vol% after 1hr oxidation at temperatures of 850 - 1100°c 
with the OSF lengths of 5 and 15 pm. Clearly the 
shrinkage rate increases with the increase of NF3 vol ·%. 
It can also remarked that OSFs shrink even in the 
temperature range Of 850. 9·5-0¢c.: - ... _ ... _.: ,· ... _.:. 
,· 
-~ 
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3.4.3 Activation Energy of OSF'shrinkage 
The shrinkage rate alsd increases with the increase 
of oxidation time. The shrinkage rates of the OSF are 
determined by a linear-square fit method as shown in 
Fig.3.12. The activation energy reported in the 
literature for shrinkage of OSF for various thermal heat 
treatment are also shown in Fig.3.12. 
We found an activation energy of about 1.3 ev for 
shrinkage phenomenon during fluorine enhanced oxidation. 
This value is much smaller than the value of 4.8 or 5.2eV 
obtained during other thermal heat treatment. 
3.4.4. SIMS analysis of NF3 oxides 
The profile of fluorine in the NF3 oxide was examined 
by using SIMS. Fig 3.13_shows the chemical depth profiles 
of the NF3 oxides grown with NF 3 vol% of 0.011 - 0.033 
at 9oo0 c. Even though the fluorine concentration can not 
be determined on a absolute basis, but rather on a 
relative basis, it is important to note that rapid 
accumulation of fluorine species without any pile-up of 
flourine at the silicon dioxide and silicon interface. 
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3.5. Discussion 
The growth and shrinkage of OSFs depends on the 
• 
reactions at the dislocation(absorption / emission of 
interstitials). The interstitial absorption and emission 
processes are controlled by the concentration gradient of 
interstitials near the partial dislocations bounding the 
stacking faults. A general relationship for behavior of 
OSF in silicon is. [3.30] 
dr/dt = 7ta0 2oi (Ci- Ci') (1) 
where r is the radius of the stacking fault, a 0 is the 
capture radius of interstitials by the bounding 
dislocation, Di ·is the~ffusivity of self-interstitials, 
/ 
I • Ci and Ci are the actual concentration of the self-
interstitials and the concentration of silicon self-
interstitials in equilibrium with the faults 
respectively. We can rewrite as follow 
dr/dt 
when c,* 1 •
 1S 
(2) 
the concentration of silicon self-
interstitials at thermal equilibrium. Then the radius of 
OSF can be obtained through the integration of eq.(2). 
r(t) = r(O) + 1ta0 2oift'ccr ~ *)-(Ci 1-Ci *) ]dt (3) 
0 
So the problem in eq.(3) which can explain OSF shrinkage 
is to estimate the actual concentration Ci of silicon 
self-interstitials during fluorine enhanced oxidation of 
silicon. Two possibilities are available to predict Ci. 
. ' 
In neutral and nonoxidizing aJlt9,,~!!nts, Ci the 
interstitial concentration returns to the thermal 
equilibrium values c* in eq.(3), then 
r(o) - r(t) =7[.ao2Di(ci'-ci*>t (4) 
The shrinkage rate is thus linear in time and independent 
of the size of the faults. The activation energy of this 
shrinkage process involves the formation and migration of 
interstitials near the stacking faults. The activation 
energy of shrinkage during neutral ambient is 4.SeV which 
is close to that of silicon self-diffusion, suggesting 
the shrinkage depends on formation and migration of the 
silicon interstitial. 
In standard oxidizing ambients, the shrinkage of OSF 
during high temperature and long time oxidations has been 
explained by the reverse interstitial gradient between 
the stacking fault and the bulk silicon. It is also well 
known that th~tivation energy for shrinkage is very 
close to that for the neutral ambient. This situation 
gives rise to a undersaturation of interstitials coupled 
with a possible vacancy supersaturation[J.31]. From this 
point of view, Ci seems to be reduced to the thermal 
equilibrium concentration ci*. 
In fluorine ambient, Ci is assumed to be reduced to 
below ci* in eq.(3) by considering the small shrinkage 
activation energy of OSF found in Fig.3.12. Fluorine 
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possibly lower the activation energy of shrinkage by 
reducing the energy needed for the diffusion of self-
interstitials from the OSF 
at the si-sio2 interface. 
eq(4) is 
through the vacancy injection 
Then, in the case of c, < c, * 1 1 
r(t) - r(O) =,c.a0 2Di [<~i-ci*)dt -71:a0 2Di(ci'-ci*>t(5) 
The prediction of a non-linear law in the fault shrinkage 
in eq.(5) is in good agreement with the experimental data 
shown in Fig.3.9.and 3.10. 
So, the usual explanation for shrinkage is not 
valid because of the non-linear dependence of time and 
the dependence of the shrinkage rate on fluorine 
concentration. However, with regard to the other chemical 
enhanced oxidation, i.e., chlorine oxidation, the 
shrinkage activation energy of OSF is similar with that 
of neutral ambients. Therefore, it can be assumed that 
OSF shrinkage during chlorine oxidation is controlled by 
the same mechanism of neutral ambients. As a consequence, 
we need to consider fluorine enhanced oxidation of 
silicon in comparison with chlorine additive oxidation. 
While in some ways fluorine seems to have similar 
properties to chlorine as a typical halogen, the 
difference between fluorine and chlorine behavior is so 
large that the behavior of fluorine cannot be predicted 
by analogy with that of chlorine. It is believed that 
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two processes control the generation of vacancy during 
chemically enhanced oxidation, i.e., a compound formation 
process and an out -diffusion process. 
Compound formation process is the formation of 
thermodynamic stable product of the reacting species, 
that depends on the chemical properties of reacting 
elements. There is one reactions that can have the 
suspected direct consequences on OSF shrinkage during 
flourine enhanced oxidation. 
Si + xF - + V (A) 
where Vis a vacancy in silicon at the interface. 
Compared with the chlorine oxidation case, reaction (A) 
can occurs at the sio2 -Si interface, as shown by the 
partial pressure of SiF4,in the temperature range 500 to 
1200 °c, calculated from the SOLGAS simulation shown in 
Fig.2.16. The role of fluorine is also kinetically fast; 
since flourine molecules are readily dissociated, and 
therefore very reactive. It is proposed that fluorine 
atom directly reacts more readily with Si at the Si-sio2 
interface in competition with the oxygen, and thus acts 
as a catalyst at the interface to increase the silicon 
oxidation rate by increasing available silicon for 
oxidation and also creating silicon vacancies [3.32]. 
Next, the out diffusion process of compound is 
controlled by the vapor pressure of compound element 
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(volatility) and the quality of oxide. The SiFx molecules 
<' 
are more volatile than the chlorine compound, for 
example, the best known one, SiF4 , easily out diffuse 
into the~ambient.[3.33] This property can also explain 
t~e lack of generation of new stacking faults when the 
NF3 oxide is reoxidized subsequently. These effects
 are 
r· 
due to the residual fluorine in the oxide, which is 
reactivated and resumes the emission of vacancies. The 
out-diffusion of SiF4 can be increased by considering the 
fluorine distribution in oxide causing the differnt oxide 
structure, possibly lossely packed. 
Since Si atoms are rapidly removed from the silicon 
latti~ce sites, vacancies are thus generated. The 
vacancies either recombine with the injected 
interstitials ( due to sio2 growth) at the interface or 
diffuse into the silicon bulk where they recombine with 
the previous injected interstitials. As a result, the 
net injected interstitials concentration is decreased to 
under the thermal equilibrium interstitial 
concentration. If we assume that a vacancy is injected 
for each SiFx molecule formed, the vacancy injection 
rate is equal to the SiFx formation rate. 
The high fluorine content at the interface 
• 1n case 
of fluorine oxidation thus leads to the rapid shrinkage 
of the stacking faults. The possible situation of the 
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undersaturation of interstitials coupled with the 
supersaturation of vacancy is illustrated schemetically 
in Fig.3.14. During the previous oxidation, the 
interstitials are generated at the si-sio2 interface, 
supersaturate the interstitial concentration to a level 
Ci. In neutral ambient or oxidizing ambient, the 
interstitial concentration returns to the thermal 
equilibrium level ci*· But in the case of NF3 ambient, 
because of the high reactive fluorine, the interstitial 
concentration decreases below thermal- equilibrium level 
ci*· Assuming an vacancy diffusion mechanism for silicon, 
swalin[3.34] estimates 1.06 eV for the vacancy migration.:· 
energy. From the 1.3 eV activation energy calculated from 
this experiments, it seems that the vacancy migration in 
silicon is only involved in this shrinkage process. 
" 
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F. StJmmary 
We have introduced the new control method of OSF. It 
was found that the preexisting OSF shrink rapidly non-
linearly with time during fluorine enhanced oxidation 
even very low temperature and their shrinkage rate 
increased with the increase of NF 3 vol %. SIMS profiles 
show the higher shrinkage rate of OSF due to rapid 
accumulation of fluorine. Based on this results, we have 
proposed for the first time that undersaturation of 
interstitial couple with the supersaturation of vacancy 
during fluorine enhanced oxidation. 
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4. CONCLUSIONS AND RECOMMENDATION 
4.1. Conclusion 
Fluorine enhanced oxidation has been studied in the 
high temperature range(900-l000°c). Growth kinetics show 
different behavior compared with low temperature 
fluorine oxidation. First of all, the etching behavior 
of fluorine is difficult to be detect in our experimental 
condition, because of transition from etching to growth 
occurred within 30 minutes from the results of gas phase 
simulation and experimental results. Secondly, the 
.I 
calculation of gas phase equilibrium shows ~etching , 
behavior is more dependent oxidation temperature than 
oxidation system because active catalyst during oxidation 
strongly depends on oxidation temperature. Third, the 
change of oxidation rate constant strongly shows 
temperature and concentration dependence, indicates 
different oxidation mechanism operative. 
OSF behavior during fluorine enhanced oxidation has 
been studied at temperature range of sso 0 c and 1100°c. 
OSFs shrink in the entire temperature range (850° -
gso0 c). The shrinkage behavior of OSF can be explained by 
the consumption of the Si interstitial through reaction 
of fluorine, finally causing the interstitial depletion 
possibly coupled with vacancy supersaturation by 
i 
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considering the activation energy of shrinkage and non-
linear shrinkage behavior with time. 
4.2. Recommandtion 
1. The effect of fluorine on the oxidati~n rate constant 
is observed for the first time in the high temperature 
range (9oo 0 -1000°c). To verify temperature dependence, 
particularly at low temperature range, more studies need 
to prove oxidation mechanism at the low temperature. 
2. The stress behavior in oxide during fluorine enhanced 
oxidation should be studied to explain the change of 
defect generation mechanism. The degree of intrinsic 
stress relaxation closely relates to point defect 
generation. Particularly, chemically enhanced oxidation 
doesn't allow enough relaxation time because of fast 
initial oxidation growth rate. 
3. To study the point defect dynamics during fluorine 
enhanced oxdiation, it is worth while studying dopant 
diffusion study, espectially Sb, for supporting the 
results of OSF study. 
4. The electrical properties of fluorinated oxide should 
be characterized by various method to measure the various·· 
charge state. 
5. Finally, a model for the chemically enhanced oxidation 
needs to be established in the chemical, physical, and 
electrochemical aspects. 
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